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ABSTRACT
The adhesion of sputtered Cu to fluoropolymer surfaces modified by vacuum UV
photo-





PFA there was cohesive failure within FEP and PFA and not at the Cu-fluoropolymer
interface. Ar ion etching of the surfaces after cohesive failure showed that the depth of
FEP and PFA left on the Cu was ca. 3-10 nm. The chemistry at the interface included the
presence of copper fluorides. Control experiments involving Ar ion etching of untreated
fluoropolymers showed no evidence for fluoride ions. Thin films of Cu were thermally
evaporated and sputter deposited on untreated PTFE, FEP and PFA surfaces and analyzed
by XPS. In contrast to thermal evaporation, the high energy Cu atoms from sputter
deposition produced substantial yields of copper fluorides which were studied as a
function of sputtering voltage, current and pressure. The formation of copper fluoride
bonds correlated with good adhesion of sputtered Cu with untreated FEP and PFA
compared to polycrystalline PTFE which was the most resistant to the production of
fluoride ions. The formation of copper fluoride depends on the energy of the sputtered
species and the stability of the bonds in the fluoropolymer. The maximum fluoride ion
concentration is located at a depth of 5 1 nm.
After removing with sputter etching about 5 nm
of surface material, CuF2 was exposed
and there was an improvement of adhesion of evaporated copper to the modified PTFE,
FEP and PFA. The largest concentrations of fluoride ion were found at the intermediate
depth of analysis by XPS. Deeper into the surface there was more intact fluoropolymer.
Energetic copper atoms appear to penetrate the surface, break fluoropolymer bonds and
react to form copper fluoride. The results of the current study show that the presence
of
copper fluorides greatly improves the adhesion of evaporated Cu to PTFE, FEP and PFA.
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PTFE (polytetrafluoroethylene), FEP (fluorinated
ethylene-
propylene co-polymer) and PFA (polytetrafluoroethylene-co-perfluoropropyl vinyl
ether), have been extensively used in space applications, protective coatings,
biotechnology, and microelectronic packaging [1]. In the latter application, the low
dielectric constant properties of fluoropolymers have the advantage of producing faster
package transmission speeds and less electrical interference from neighboring circuit
lines [2, 3]. However, their low surface energy properties present considerable challenges
for adhesion and wettability. When bonding to other materials, such as, the conductor
copper, surface modification of the fluoropolymers is often required. Figure 1 shows the
chemical structures for PTFE, FEP and PFA.
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Figure 1: Teflon Structures: a) PTFE, b) PFA and c) FEP
a) PTFE - poly (tetrafluoroethylene)















The adhesion of Cu to PTFE surfaces was improved when PTFE was exposed to vacuum
UV (VUV) radiation from windowless He (53.7 and 58.7 nm) and Ar (104.8 and 106.7
nm) microwave plasmas, especially, when oxygen flowed over the surface of the
substrate [4].
S. Zheng et al. [5] observed that the adhesion of copper to PTFE was improved when
PTFE was modified with VUV radiation from high pressure He dc arc plasmas that were
made to rotate inside a graphite tube by the application of an auxiliary magnetic field.
The rotating arc experiment was designed to produce radiation from
He2*
excimers that
produce a continuum from 58-110 nm which is superimposed on the neutral He
resonance lines (Hel) which occur at 53.7 and 58.4 nm. With the use of filters having
different cut-off wavelengths, the hydrophobicity of the treated samples started to
decrease in the wavelength region between 173 and 160 nm and continued to decrease
with shorter wavelengths. A number of mechanisms probably contributed to the
enhanced adhesion including: (1) surface roughening due to the photon etching; (2)
defluorination and desaturation of the surface; (3) formation of cross-linking bonds in the
top 10 nm of the surface as detected by XPS analysis, and (4) incorporation of oxygen
upon exposure to air which enhances chemical interaction with copper [5].
Dasilva et al. [6] exposed FEP surfaces to a vacuum UV (VUV) photo-oxidation
downstream from the Ar microwave plasma. The modified surfaces showed the
following: (1) an improvement in wettability as observed by water contact angle
measurements; (2) surface roughening; (3) defluorination of the surface; and (4)
incorporation of oxygen as CF-0-CF2, CF2-0-CF2, and CF-O-CF3 moieties. With 2 hours
of treatment, cohesive failure occurred within the modified FEP and not at the Cu-FEP
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interface. Dasilva et al. [7] also observed cohesive failure when Cu was sputter coated
onto PFA that had been modified with VUV downstream from the Ar MW plasma. The
VUV radiation penetrates into the polymer breaking chemical bonds and, therefore,
weakening its mechanical properties. During recent investigations using vacuum UV
(VUV) photo-oxidation to surface modify PTFE [4, 5], FEP [6, 8] and PFA [7], the
adhesion of sputtered Cu was found to increase with treatment time for PTFE while FEP
and PFA demonstrated good practical adhesion at short times and cohesive failure at long
treatment times.
Research was conducted in this thesis to investigate the depth of PFA and FEP on the
failure surface containing sputtered copper. During the depth profile investigations of the
Cu-Teflon interface with X-ray photoelectron spectroscopy (XPS), the formation of
copper fluorides was discovered. Previously, D. Popovici et al. [9] used XPS to assess the
interaction of evaporated and sputter deposited copper with TeflonAF1600. They
showed that evaporation and sputtering caused defluorination, graphitization and
crosslinking of carbon chains, as well as the fluorination of Cu-C bonds and
C-O- free
radicals. Also, the higher energies of sputter-deposited copper atoms led to a loss of
oxygen and to the total reaction of the deposited copper as carbide and fluorides [9]. M.
Du et al. [10] did not see the formation of copper fluoride onto a low dielectric constant
organic polymer
FLARE
1.0 (Fluorinated poly (Arlene ether), but instead the breakage
of the C-F bond resulted in the loss of fluorine at the interface for both sputter and
evaporation deposition techniques [10].
This Thesis was conducted to investigate:
(1) the depth of FEP and PFA on the failure surfaces with Ar ion etching,
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(2) the chemistry near the Cu-fluoropolymer interface using X-ray photo-electron
spectroscopy (XPS), and
(3) surface modification of untreated PTFE, FEP and PFA with thin films of Cu using the
different energies of metallization from thermal evaporation and plasma sputter
deposition.
Angular resolved XPS measurements were taken to provide a non-destructive
investigation of the chemistry near the surface and to determine the depth at which the
fluoride ions reside. The fluoride ions may reside at the interface of the copper and
fluoropolymer or at the edge of the copper islands that form on the surface during
deposition of the copper. Argon ion etching measurements were performed for copper
coated PTFE, FEP and PFA to confirm the enhanced concentration of fluoride ion for
sputtered copper relative to evaporated copper and to confirm the results of the angular




Commercially available films, 50.8 [xm thick, of
Teflon
PTFE [-(CF2-CF2)n-], and the
random co-polymers FEP, [-(CF2-CF2)x-CF2-CF(CF3)-]n where x=7, and PFA,
[-(CF2-CF2)n-(CF2-CFOC3F7)rn-] (n/m= 39), were obtained from Saint-Gobain
Performance Plastics and American Durafilm ( Hollister, MA, USA) Before attempting
deposition of Cu, the samples were treated in ultrasonic baths (Figure 2) of first methanol
and then acetone at room temperature for 5 min each and placed in a Petri Dish with a
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filter paper followed with over-night drying in air at room temperature to help remove
potential contamination from lubricants employed in the processes to form the polymer
mass into commercial film [7, 11]. Usually the samples were cleaned no more than 3
days before use in order to avoid dust or particles on the sample surface. Control
experiments with cleaned samples were carried out with PTFE, FEP and PFA to ensure
that contamination was not found at the surface of materials.
Figure 2: Ultrasonic Bath
2.2 VUV radiation source
Low-pressure argon MW plasma (Figs. 3 and 4), operating at a frequency of 2.45 GHz
and absorbed power (the difference between the forward and reflected power) of 60 W,
was used to modify the surface of FEP and PFA located downstream from the plasma as
described in refs. [6] and [7]. Oxygen was introduced into the vacuum system about 3 cm
above the sample. The argon and oxygen flow rates were 10 seem. The reaction chamber
pressure was maintained in the range (2.7 -5.3) x
101
Pa. The samples were placed 23.8
cm downstream from the discharge. The VUV radiation is primarily line sources at 104.8
and 106.7 nm due to emission from excited Ar atoms [12].
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Figure 3. Photograph of the Downstream MW Plasma Apparatus Taken at the Plasma




Figure 4: Schematic ofDownstreamMW Plasma apparatus from Desai et al. [4]
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2.3 Adhesion testing
Scotch Brand 3M tapes were used to check the adhesion of the copper film. The
following 48 mm wide high-strength packaging tapes were used: #3750-G, #3650-C
(Super Clear Tape), and #3501.The adhesion after the tape test was evaluated visually
and assigned a value from 0-100%. The tape was slowly peeled from the deposited
copper at an angle of about 160-
170
as shown in Figure 5. During the peel test, Scotch
Duct Tape was used to keep the film flat and fixed to the metal plate.
about 16CP
I70J
Figure 5 - Diagram of the tape test for adhesion measurement. Manual pressure was
applied to the plate to keep the end of the film/substrate combination flat as described in
ref. [13]
2.4 Metallization
Vacuum deposited copper films were either evaporated or sputtered. Deposition rates
and film thicknesses were measured with an Infocon (Syracuse, NY) quartz crystal
monitor calibrated with a Sloan Dektak (Santa Barbara, CA) surface profilometer.
Sputtered films were vacuum deposited using deposition rates (0.01 -0.5) nm/s with a
MAK
3"
DC planar magnetron manufactured (Figs. 6 and 7) by US Inc, Campbell, CA.
The samples were placed on a grounded substrate holder which was 20 cm in front of a
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99.99% pure, 7.5 cm diameter copper target. The magnetron and substrate holder were
enclosed in a vacuum chamber. Research grade argon (99.997% pure) was introduced
through a mass flow controller. After the sputtering plasma was ignited, the target was
pre-sputtered, while a shutter covered the substrate, for about 1 min to allow the plasma
to reach steady state during the establishment of the pressure and deposition rate. When
investigating the VUV photo-oxidized samples that exhibited cohesive failure, 300 nm of
Cu was sputter deposited at the following sputtering conditions: discharge voltage, 360
V, current, 0.5 A, and pressure, 0.27 Pa. When thin films of Cu (0.5 - 2 nm) were sputter
deposited on the untreated fluoropolymers, the discharge parameters were varied over the
following ranges: discharge voltage (273 - 377 V), current (0.1 - 0.95 A), power (40 -
365 W) and pressure (0.27 - 2.1 Pa).
Figure 6: Photograph of theMak3 "DC Planar
Magnetron'
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Figure 7: Photograph of the Interior of the Mak3 "DC Planar Magnetron
Chamber"
Evaporated films were deposited with deposition rates (0.05 - 0.2) nm/s in a thermal
evaporator manufactured (Figs. 8 and 9) by CVC Corporation, Rochester, NY. The
substrates were mounted on a glass slide (for mechanical stability) and then placed on a
substrate holder at a distance of 40 cm above a tungsten boat used to melt the copper.
The boat and substrate holder were enclosed in a 50 L. glass bell-jar. The base pressure
was
l.lxlO"5
Torr and after throttled was
7.0xl0"5
Torr during the deposition.
19
Figure 8: Photograph of the EvaporatorManufactured by CVC Corporation. Photo









(0.05 - 0.2) nm/s
Figure 9: Schematic of Evaporator
http://www.rit.edu/~abespsl/Adhesion%20Presentation%20final files/frame.htm
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2.5 X-ray Photoelectron Spectroscopy (XPS) and Argon Ion Etching
The samples were analyzed ex-situ after Cu deposition with XPS (Figure 10), a surface
analysis technique that provides elemental, chemical state and quantitative analyses for
the top 2-5 nm of a sample's surface. The analysis was performed at an angle of
45
between the sample and the analyzer. A Physical Electronics Model 5800 XPS system
was employed for the characterization. A region of about 800 [Am in diameter was
analyzed. The films were prepared by cutting sections from the sample and mounting
them beneath a molybdenum sample mask for exposure to the x-ray beam. The atomic
percentages reported for carbon are precise to within 5% for major constituents and 10%
for minor components. The samples were irradiated with monochromatized Al Koc
radiation (1486 eV), treated with minimum XPS scan times, and charge neutralized with
a flood of low energy electrons from a BaO field emission charge neutralizer. These
methods were employed so as to not over expose the post-metallization samples to
bremstrahlung or continuum radiation since such exposures have been reported to
produce copper fluorides for evaporated copper on PTFE [14] but not for FEP or PFA
[15]. High-resolution XPS spectra in the C Is, O Is, F Is and Cu 2p regions were used to
determine the chemical environment changes. The spectra were curve fitted using the
software package provided by the instrument's supplier. The software utilizes
commercial
Matlab














Figure 10: Schematic of
XPS- http://www.chem.qm.wac.uk/surfaces/scc/scai5 3.htm
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Two different depth profiling measurements were used: Argon Ion Etching and Angle
Resolved XPS.
Argon Ion Etching was achieved by sequentially ion etching and analyzing the surface
with XPS. A beam of 3 keV argon ions was rastered over an area of 1 cm2. Spectra were
taken for "as
received"
coatings and after 1
,
2 and 5 minutes of total etch time.
Depth profiling with Argon Ion Etching, e.g. a destructive XPS ion-sputter depth
profiling technique, uses an ion beam of an inert gas such as argon to ablate the sample
surface, and then chemical composition of the exposed sub-surface layer is determined by
XPS analysis. It is a valuable means for determining layer thickness and detecting
impurities in a polymer. Well characterized thicknesses of gamma aminopropylsilane
films were used to determine the etch rates. The thickness was monitored by
ellipsometry and confirmed by transmission electron microscopy. The silane film is
deposited on a substrate of silane/Zr/Ti/PET. The etch rate used was 5 nm/min and was
confirmed by analyzing a well characterized silicon oxide film on silicon, just prior to
analysis of the sample.
Angle resolved or angle-dependent XPS analysis is a non-destructive depth-profiling
technique to determine the depth distribution of chemical species. The angle between the









measures electrons emitted from the outermost
layer while
80
detects electrons emitted from layers below the outermost layers. The
surface sensitivity of a spectrum will increase as the angle decreases. In this study, angle
23




between the x-ray source and
analyzer.
3. RESULTS
3.1 Depth Profile and Chemistry at the Interface ofAdhesion Failure Samples
3.1.1 FEP Modified with VUV Photo-oxidation
Table 1 shows the quantitative XPS results for both failure surfaces, i.e., the Cu-side and
FEP-side, after adhesion testing of 300 nm of Cu sputter-deposited on VUV
photo-
oxidized FEP. Copper was not detected on both failure surfaces and the oxygen levels
were similar to the untreated FEP indicating that the failure was cohesive and occurred
within the polymer and not at the Cu-FEP interface.
Table 1.
Quantitative XPS Results for FEP-side and Cu-side After Peel
Test1
Sample C (at%) F (at%) O (at%) F/C O/C
FEP-side 32.0 67.8 0.2 2.12 0.006
Cu-side 32.6 66.9 0.4 2.05 0.012
1
VUV photo-oxidation, Ar and 02 flow rates = 50 seem, 30 min treatment time, 300 nm
Cu sputter-deposited. [6]
Argon ion etching of 3-5 nm of FEP exposed the Cu interface of the Cu-side failure
surface as shown by the atomic compositions reported in Table 2.
Table 2.
Quantitative XPS results after argon ion etching the Cu-side failure
surface1
Sample C (at%) F (at%) O (at%) Cu (at%) F/C O/C
FEP-side 33.1 52.4 4.7 9JS 1.58 0.14
1FEP was originally treated with VUV photo-oxidation conditions reported in Table l.[6]
24
Figure 11 illustrates the C Is spectrum with four well-defined peaks due to C-C, C-F,
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Binding Energy (eV)
Figure 11: C Is XPS Spectrum Obtained from Post Argon Ion Etch ofCu-side
Failure Surface for VUV Photo-oxidized FEP
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Figure 12 shows the Cu 2p spectrum. Peaks due to metallic copper, CuOx and CuF2 are
present, although the copper fluoride is difficult to detect because of the presence of the
copper oxide. If the assignment of the copper spectrum is correct, then peaks
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930 925
Figure 12: Cu 2p Spectrum Obtained from Post Argon Ion Etch of Cu-side Failure
Surface for VUV Photo-oxidized FEP
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Figure 13 presents the O Is spectrum. The dominant peak is due to copper oxide. The
weak shoulders are possibly due to copper hydroxide and FEP. The spectrum in
Figure
14 obtained for the F Is band shows peaks due to fluoropolymer and copper fluoride.
The electron spectra clearly show a strong interaction between the copper and FEP as a
result of the energetic sputtering process. The copper atoms appear to arrive at the FEP
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Figure 13: O Is Spectrum Obtained from Post Argon Ion Etch of Cu-side Failure
Surface for VUV Photo-oxidized FEP
30
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Figure 14: F Is Spectrum Obtained from Post Argon Ion Etch of Cu-side Failure
Surface for VUV Photo-oxidized FEP
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3.1.2. PFA modified with VUV photo-oxidation
Table 3 shows the quantitative XPS results for both failure surfaces after adhesion testing
of 300 nm of Cu sputter-deposited on VUV photo-oxidized PFA. Copper was not
detected on both failure surfaces and the oxygen levels were similar to the untreated PFA
indicating that the failure was cohesive and occurred within the polymer and not at the
Cu-PFA interface.
Table 3.
Quantitative XPS results for PFA-side, Cu-side and post argon etching ofCu-side
adhesion failure surfaces
Sample C (at%) F (at%) O (at%) Cu (at%) F/C O/C
PFA-side2
31.4 68.1 0.5 0.0 2.17 0.016
Cu-side2
32.5 66.4 1.2 0.0 2.04 0.037
Cu-side
etch2
29.2 45.8 4.8 20.2 1.57 0.164
PFA-side3
31.9 67.7 0.4 0.0 2.12 0.013
Cu-side3
32.3 66.8 0.9 0.0 2.07 0.028
Cu-side
etch3
28.5 46.2 5.2 20.1 1.62 0.182
'VUV photo-oxidation, 2 h treatment time, 300 nm Cu sputter-deposited.
Ar and 02 flow rates during VUV photo-oxidation = 20 seem. Argon ion etching 1 nm
of PFA.
Ar and 02 flow rates during photo-oxidation = 50 seem. Argon ion etching 1 nm of PFA.
Table 3 also shows, that after argon etching of 1 nm of PFA on the Cu-side failure
surface, the Cu is exposed near the interface. The C Is and O Is spectra post argon ion
etching were similar to FEP (Figs. 11 and 13), respectively, with a larger presence of
oxygen due to the oxygen in the structure of PFA (see Figures 15, 16). Figure 17 again
clearly illustrates the presence of fluorides at or near the interface.
32
machinel 91 3.spe
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Figure 15: C Is XPS Spectrum Obtained from Post Argon Ion Etch of
Cu-side Failure Surface for VUV pPoto-oxidized PFA
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Figure 16: O Is Spectrum Obtained from Post Argon Ion Etch of Cu-
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Figure 17: F Is Spectra for Post Argon Ion Etch ofCu-side Failure Surface for VUV
Photo-oxidized PFA with 20 (red) and 50 (blue) seem Flow Rates for Ar and
Oxygen.
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3.2 Thin Films ofEvaporated and Sputtered Copper on Untreated Fluoropolymers
The XPS analysis for the thin films of copper produced by thermal evaporation (1.5
- 4.5
nm) and plasma sputter deposition (0.5 - 2 nm) on the fluoropolymers revealed the
presence of carbon, fluorine, oxygen and copper with a trace amount of tungsten for the
evaporation experiments. The chemical state determination showed evidence for
fluoropolymer, some hydrocarbon contamination, oxidized hydrocarbon containing the
0-C=0 moiety and copper oxides.
For the evaporation experiments, the F Is spectra were nearly identical to the cleaned
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Figure 18: Overlapped F Is Spectra for PTFE, FEP and PFA Post Deposition by
Evaporation
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The F Is peak due to FEP showed some broadening at low binding energy that
could
indicate a very low concentration of copper fluoride, but, in general, none of the
fluoropolymers produced significant yields of fluoride ion at about 684 eV. The
quantitative XPS analyses for these samples are given in Table 4.
Table 4.
Results of Quantitative XPS Analyses for Evaporated Copper on PTFE, FEP and PFA
Sample C (at%) F (at%) O (at%) Cu (at%) W (at%)
PTFE 30.2 29.2 24.5 14.8 1.3
FEP 29.0 24.2 30.3 14.6 1.8
PFA 30.9 36.4 20.7 10.6 1.5
In contrast to Cu deposited by evaporation, Fig. 19 indicates that during sputtering,
substantial fluoride ions are produced and that PTFE does not react as readily with the
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Figure 19: Overlapped F Is Spectra for PTFE, FEP, and PFA Post Sputter
Deposition
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The quantitative XPS analyses for these samples are shown in Table 5.
Table 5.
Results ofQuantitative XPS Analyses for Sputtered Copper on PTFE, FEP and
PFA1
Sample C (at%) F (at%) 0 (at%) Cu (at%)
PTFE 29.2 17.5 32.6 20.8
FEP 26.9 10.6 37.3 25.3
PFA 26.8 9.3 38.1 25.9
'Sputtering; Conditions: Discharge Voltage: 381 V, Current : 0.24 A,
Pressure: 0.27 Pa.
The sputtering parameters: discharge voltage, current and pressure were varied to
determine their effect on the production of copper fluoride. Figures 20, 21 and 22 show
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Figure 20: Overlapped F Is Spectra for FEP, PTFE and PFA for Copper Sputter
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Figure 21: Overlapped F Is Spectra for FEP, PTFE and PFA for Copper Sputter
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Figure 22: Overlapped F Is Spectra for FEP, PTFE and PFA for Copper








Sample C (at%) F (at%) O (at%) Cu (at%)
PTFE 34.8 30.2 20.8 14.1
FEP 35.3 31.4 20.6 12.7
PFA 36,0 2JL9> 2L3 13.8
'Sputtering Conditions: Discharge Voltage: 340 V, Current: 0.1 A,
Pressure: 0.27 Pa.
Table 7.




Sample C (at%) F (at%) O (at%) Cu (at%)
PTFE 29.1 28.4 23.7 18.9
FEP 28.1 25.2 25.8 20.9
PFA 28J) 234 27X) 21.7
Sputtering Conditions: Discharge Voltage: 273 V, Current: 0.73 A,
Pressure: 2. 1 Pa.
Table 8.




Sample C (at%) F (at%) O (at%) Cu (at%)
PTFE 30.1 10.6 34.3 25.0
FEP 29.9 11.3 33.7 25.1
PFA 24.2 6.5 39.2 30.2
'Sputtering Conditions: Discharge Voltage: 377 V, Current: 0.95 A, Pressure: 0.27 Pa.
3.3 Argon ion etching of untreated fluoropolymers
Argon ion etching of untreated PTFE, FEP and PFA showed evidence for defluorination,
however, no presence of a fluoride peak was detected at ca. 684 eV in the F Is spectra
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Figure 25: F Is Spectrum for Untreated PFA Post 1 Minute
Argon Ion Etch
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3.4 Angle Resolved Study of Sputtered Cu on Untreated PTFE, FEP and PFA
Table 9 shows the results of the quantitative angular resolved XPS analyses after sputter
deposition of copper onto the samples. The data show some clear trends as a function of
depth of analysis.
Table 9: Results of the Quantitative Angular Resolved XPS
Analyses1
Sample At% C At%F At%0 At% Cu
PFA @
10
51.1 2.7 32.5 13.8
PFA @
45
27.0 3.5 42.5 27.1
PFA @
80
22.6 5.3 39.4 32.8
PTFE @
10
38.4 13.4 31.2 17.1
PTFE @
45
31.1 13.4 33.4 22.1
PTFE @
80
28.0 13.4 32.0 26.6
FEP @
10
45.0 7.4 32.2 15.4
FEP @
45
30.8 10.2 35.5 23.5
FEP @
80
29.1 14.3 31.3 25.3
Sputtering Conditions: Discharge Voltage: 381 V, Current: 0.244 A, Pressure: 0.206 Pa,
Power: 100W
Analysis of the outermost surface at 10 degrees reveals the highest carbon concentration
and the lowest copper concentration. In depth, XPS detects less carbon and more copper.
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Figure 26: C Is Spectra for Sputtered Cu on PFA at 10, 45 and 80 Degrees
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Figure 28: C Is Spectra for Sputtered Cu on FEP at 10, 45 and
80 Degrees
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The spectra clearly show that the outermost surface has hydrocarbon contamination.
The
spectra for the outermost surface were obtained at 10. The C Is band arising from
hydrocarbon contamination ties at 284.6 eV. The C Is band assigned to fluoropolymer




deeper into the surface.
Figures 29, 30 and 31 illustrate the F Is spectra for PFA, PTFE and FEP, respectively, at
the three angles. The spectra show two definite peaks at about 684 eV and 688.5 eV. The
peak at 688.5 eV arises from the fluoropolymer. The peak at 684 eV is assigned to the
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Figure 30: F Is Spectra for Sputtered Cu on PTFE at 10,








' ' ' '
111
FEP
0.9 Blue = 10 deg surface
Red = 45 deg











n i i i _i i i i N-^a-^a^
-
698 696 694 692 690 688 686 684 682 680 678
Binding Energy (eV)
Figure 31: F Is Spectra for Sputtered Cu on FEP at 10, 45
and 80 Degrees
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The copper spectra for PFA, PTFE and FEP are shown in Figure 32, 33 and 34. The
dominant signals are due to copper metal and copper (II) oxide. The concentration of the
copper fluoride is too low for the peak to be resolved from the metal and oxide spectra. In
the present study, depth profile XPS measurements were performed for copper coated
PTFE, FEP and PFA to confirm the enhanced concentration of fluoride ion for sputtered
copper relative to evaporated copper and to confirm the results of the angular resolved
XPS measurements that showed fluoride ion resident at a depth of about 5 nm below the
surface. The spectra clearly show enhanced peaks due to copper (II) oxide at the
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Figure 32: Cu 2p Spectra for Sputtered Cu on PFA at 10,
45 and 80 Degrees
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Figure 33: Cu 2p Spectra for Sputtered Cu on PTFE at 10,
45 and 80 Degrees
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Figure 34: Cu 2p Spectra for Sputtered Cu on FEP at 10,
45 and 80 Degrees
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3.5 Depth Profile XPS Analyses of Sputtered Deposited and Thermally Evaporated
Copper Films on PFA, FEP and PTFE Using Argon Ion Etching
Tables 10 and 11 summarize the results of the quantative depth profile of sputtered and
evaporated copper analyses, respectively. The data show some clear trends as a function
of depth. Argon ion etching removes copper metal and copper oxide from the surface to
expose fluoropolymer. The copper and oxygen concentrations decrease with etch time
and the carbon and fluorine concentrations increase with etch time.
Table 10: Results of the Quantitative Depth Profile XPS Analyses for Sputtered
Copper1
Sample At%C At%F At%0 At% Cu
PTFE as received 35 A sputtered copper 19.3 42.5 7.1 31.2
PTFE 35 A sputtered copper 1 min etch 12.7 32.1 7.2 48.1
PTFE 35 A sputtered copper 2 min etch 22.0 54.2 1.4 22.5
PTFE 35 A sputtered copper 5 min etch 29.7 60.6 0.2 9.6
PFA received 35 A sputtered copper 13.8 34.1 6.7 45.4
PFA 35 A sputtered copper 1 min etch 22.9 56.9 1.2 19.1
PFA 35 A sputtered copper 2 min etch 30.6 61.5 0.2 7.7
PFA 35 A sputtered copper 5 min etch 34.9 60.3 0.2 4.7
FEP as received 35 A sputtered copper 20.9 1.8 41.2 36.1
FEP 35 A sputtered copper 1 min etch 22.7 51.8 3.0 22.6
FEP 35 A sputtered copper 2 min etch 29.1 59.5 0.7 10.7
FEP 35 A sputtered copper 5 min etch 33.3 60.3 0.2 6.2





Table 11: Results of the Quantitative Depth Profile XPS Analyses for Evaporated
Copper
Sample At%C At%F At%0 At% Cu
PTFE as received 40 A evaporated copper 32.5 48.9 11.0 7.6
PTFE 40 A evaporated copper 1 min etch 33.2 59.6 1.1 6.1
PTFE 40 A evaporated copper 2 min etch 34.0 60.6 0.4 5.0
PTFE 40 A evaporated copper 5 min etch 36.3 59.8 0.2 3.7
PFA as received 40 A evaporated copper 32.2 40.7 15.9 11.2
PFA 40 A evaporated copper 1 min etch 33.5 60.2 0.6 5.7
PFA 40 A evaporated copper 2 min etch 34.9 60.6 0.2 4.3
PFA 40 A evaporated copper 5 min etch 36.2 60.1 0.1 3.6
FEP as received 40 A evaporated copper 31.5 51.8 7.0 9.7
FEP 40 A evaporated copper 1 min etch 33.2 60.0 0.9 5.9
FEP 40 A evaporated copper 2 min etch 33.9 61.2 0.3 4.7
FEP 40 A evaporated copper 5 min etch 35.6 60.3 0.1 4.0
Figures 35, 36 and 37 illustrate the F Is spectra for PTFE, PFA and FEP films,
respectively, sputter coated with copper. The figures also illustrate the spectra for the
samples, "as
received"
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Figure 35: Overlapped F Is Spectra for PTFE with 35A
Sputtered Copper, As Received, and with Argon Ion Etching for
1, 2 and 5 Minutes
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Figure 36: Overlapped F Is Spectra for PFA with 35A
Sputtered Copper, As Received, and with Ar ion etching
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Figure 37: Overlapped F Is Spectra for FEP with 35A
Sputtered Copper, As Received, and with Ar Etching for
1, 2 and 5Minutes
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Figures 38, 39 and 40 show the F Is spectra for PTFE, PFA and FEP respectively, coated
with thermally evaporated copper. The figures also illustrate the spectra for the samples,
"as
received"
and post 1 minute, 2 minutes and 5 minutes of argon ion etching.
Argon ion etching removes copper metal and copper oxide from the surface
to expose
fluoropolymer. PTFE coated with sputtered copper exhibits significantly more fluoride
than PTFE coated with evaporated copper. PFA coated with sputtered copper has a high
ratio of fluoride to fluoropolymer.
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Figure 38: Overlapped F Is Spectra for PTFE with 40A
Evaporated Copper, As Received, and with Ar Ion
Etching for 1, 2 and 5 Minutes
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Figure 39: Overlapped F Is Spectra for PFA with 40A
Evaporated Copper, As Received, and with Ar Ion
Etching for 1, 2 and 5Minutes
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Figure 40: Overlapped F Is Spectra for FEP with 40A
Evaporated Copper, As Received, and with Ar Ion Etching for
1, 2 and 5Minutes
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3.6 Adhesion Test Analyses of Thermally Evaporated Copper Films on PFA, FEP and
PTFE after Ar Ion Etching
The samples reported in Tables 10 and 1 1 of PFA, FEP and PTFE, that were coated with
sputtered and thermally evaporated copper and Ar ion etched to remove about 5 nm of
surface material, were then deposited with 300 nm of copper by thermal evaporation and
tested for adhesion of the copper.
Table 12 reports the adhesion results that were obtained using the peel test.




























Sputtered Conditions: Discharge Voltage: 388 V, Current: 0.244 A, Pressure: 0.20 Pa,
Power: 100W
2
Evaporation Conditions: Deposition Rates (0.05 - 0.2) nm/s , substrate holder at a
distance of 40 cm above a tungsten boat used to melt the copper The base pressure was
1.1x10-5 Torr and after throttled was 7.0x10-5 Torr during the deposition.
* See Table 10 for Elemental Analysis Results
** See Table 1 1 for Elemental Analysis Results
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4. DISCUSSION
Cu sputtered onto FEP and PFA treated with VUV photo-oxidation showed cohesive
failure after at long treatment times. The penetration of VUV radiation into the bulk
material results in bond breakage causing a weakening of the mechanical properties such
that the failed surfaces from the adhesion tests revealed little if any presence of Cu in
agreement with Dasilva et al. [6, 7]. Argon ion etching of the copper-side of the FEP and
PFA failure surfaces exposed Cu after etching to a depth of 3-5 nm and 1 nm,
respectively. Taking into account the XPS depth of surface analysis (2-5 nm), this
indicates that the depth of polymer affected was approximately 3-10 nm on the failure
surface. The chemistry at the interface included the presence of copper fluorides.
The chemistry at or near the interface after argon ion etching is complex showing
evidence for modified fluoropolymer (Figure 11), copper oxides (Figures 12 and 13) and
copper fluorides (Figures 12 and 14). The XPS spectra clearly show a strong interaction
between the copper and both FEP and PFA resulting from the energetic sputtering
process. The copper atoms appear to arrive at the FEP surface with sufficient energy to
cause surface reactions forming fluoride ions.
During metallization, gas phase Cu atoms condense, equation (1), onto the fluoropolymer
(F-R) surface, and may undergo subsequent chemical reactions, such as shown in
equations (2) and (3), to produce copper(I) fluoride, CuF, and copper (II) fluoride, CuF2,
respectively.
Cu(g) = Cu(s) (1)
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Cu(s) + F-R(s) = CuF(s) + R(s) (2)
CuF(s) + F-R(s) = CuF2(s)+ R(s) (3)
Combining the thermodynamics for step (1) followed by (2), or (2) and (3), provides the
heats of reactions for equations (4) and (5), respectively.
Cu(g) + F-R(s) = CuF(s) + R(s) (4)
Cu(g) + 2F-R(s) = CuF2(s) + 2R(s) (5)
Using a bond dissociation energy of 5 eV for the F-C bond in the fluoropolymers [16, 17]
and the bond dissociation energies for Cu-F (3.7 eV/mol) and FCu-F (3.5 eV/mol), which
were calculated from the heats of formation given in Table 13, reactions (2) and (3) are
found to be endothermic by 1.3 and 1.5 eV/mol, respectively, while (4) and (5) are
exothermic by -2.2 and -0.7 eV/mol, respectively.
Table 13.







In spite of the exothermicities of reactions (4) and (5), a small amount of fluoride ions
were detected when evaporated Cu was deposited on the fluoropolymers. Therefore, the
contribution of the change in entropies to the change in Gibbs free energy may be
sufficient to compensate for the exothermicities making reactions (4) and (5)
non-
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spontaneous. The bulk of the decrease in entropies would primarily come from the
conversion of gaseous Cu to solid copper fluorides which, using known thermodynamic
values [15], amounts to only about a 0.3 eV/mol change in the Gibbs free energies for
reactions (4) and (5) at 298 K. Thus, at room temperature, the reactions may be
kinetically unfavorable, or not all of the energy from condensation is available to drive
reactions (4) and (5) to completion. The lack of significant amount of fluoride ions is in
good agreement with previous work by Perry et al. [14] and correlates well with the
observed poor practical adhesion of evaporated Cu to PTFE [5, 14, 17], FEP [17, 18] and
PFA [17, 18, 19]. Quantitative measurements of the adhesion strengths have shown
stronger adhesion of evaporated copper to FEP and PFA than PTFE which was attributed
to the larger group electronegativities of CF3 in FEP, C3F7O in PFA compared to F in
PTFE [17]. No reaction of Cu with PTFE has been observed with temperatures up to
703K [20] while Cr-coated Cu foil reacts with glass-fiber-filled Teflon PFA laminates at
653K to produce metal fluoride formation at the interface [21].
In the sputter deposition experiments, the energy of the copper atoms is substantially
greater than the F-C bond dissociation energy and XPS analysis easily detects the
formation of fluoride ions either as CuF and/or CuF2 moieties. Although CuF2 was
detected by the Cu 2p XPS spectrum at 935 eV [22] in Fig. 12, the presence of copper
oxides during the sputtering of Cu [23] made it difficult to observe and quantify.
Therefore, the F Is spectra were primarily used to identify fluoride ions in this study.
Within the range of parameters studied, the yield of copper fluorides appeared to increase
with the sputtering current and voltage (power). An increase in pressure reduced the
presence of fluoride ions probably because an increase in the number of collisions prior
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to deposition shifts the kinetic energy distribution of Cu atoms to lower
energies.
Polycrystalline PTFE was found to be the most resistant to the formation of fluoride ions,
consistent with the findings that poorer practical adhesion of sputtered Cu was observed
with PTFE [4, 5] compared to the more amorphous FEP [6] and PFA [7]. Previously,
copper fluorides were detected for sputter-deposited Cu on fluoropolymer
TeflonAF1600 [9] but not
FLARE
1.0 where the breakage of the C-F bond results in
the loss of fluorine at the interface instead of the formation of copper fluoride [10].
In the angle resolved experiments of sputtered Cu on untreated PTFE, FEP and PFA,
XPS detected in depth less carbon and more copper (Table 9). The carbon concentration
is abnormally high at the surface due to hydrocarbon contamination from the sputtering
process. PFA and FEP exhibit increasingly higher concentrations of fluorine as the
copper-fluoropolymer interface is analyzed to a greater extent (Figures 26 and 28). PTFE
exhibits no change in fluorine concentration as a function of the depth as analyzed by
XPS (Figure 27). All of the coatings exhibit the maximum oxygen concentration at an
angle of analysis of 45, the intermediate depth of analysis (Table 9). This is due to the
decrease in the carbon concentration and the increase in the copper metal to oxide ratio as
a function of depth.
The PTFE spectrum with sputtered Cu (Figure 30) shows only a weak signal due to the
fluoride ion. The F Is peak due to the fluoride ion does not change significantly with
angle. This result indicates the interaction of copper with fluorine from the
fluoropolymer is not depth dependant, but uniform in distribution. The data from Figures
29-3 1 suggest that the sputtered copper atom must possess sufficient energy to penetrate
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the topmost surface of the fluoropolymer to react and form copper fluoride. Less
energetic copper atoms do not react as readily. Beneath the intermediate layer, where
deeper penetration by copper atoms occurred, the fluoropolymer showed less reaction and
the fluoride signal is weaker relative to the fluoropolymer signal. Copper atoms that
penetrate deeper into the surface have expended their energy and cannot break
fluoropolymer bonds and form free fluoride ion for reaction with copper. The data
suggests the sputtered copper atom must possess sufficient energy to penetrate the
topmost surface of the fluoropolymer to react and form copper fluoride.
In the argon ion etch experiments, to determine the depth profile by XPS of sputtered
deposited and thermally evaporated copper films on PFA, FEP and PTFE, Table 1 1 and
12 show several clear trends. The copper and oxygen concentrations decrease with etch
time and the carbon and fluorine concentrations increase with etch time. Fluoropolymer
coated with sputtered copper has a higher fluoride to fluoropolymer ratio than
fluoropolymer coated with evaporated copper. The amount of fluoride ion detected
generally reaches a maximum after 1 minute of argon ion etching and the amount of
fluoride ion decreases with prolonged etching. Prolonged argon ion etching does not
increase the amount of fluoride ion detected.
PTFE coated with sputtered copper (Figure 35) exhibits significantly more fluoride than
PTFE coated with evaporated copper (Figure 38). The sputtered copper sample also
shows an interesting trend. More fluoride ion is detected after one minute of argon ion
etching relative to PTFE than found for the "as
received"
film. The amount of fluoride
ion detected, relative to fluoropolymer, decreases with increasing etch time. This
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suggests that argon ion etching does not create copper fluoride. Evaporated copper on
PTFE exhibits the same trend.
Figures 36 and 39 shows the F Is spectra for PFA coated with sputtered copper and
thermally evaporated copper, respectively. PFA and FEP exhibit trends identical to
PTFE (Figs. 37 and 40). PFA coated with sputtered copper has a high ratio of fluoride to
fluoropolymer. Again evaporated copper does not produce a significant amount of
fluoride ion. The trends produced by argon ion etching of PFA are identical to those of
PTFE. A brief ion etch enhances the amount of fluoride present relative to "as
received"
material. Prolonged etching decreases the fluoride to fluoropolymer ratio. The "as
received"
samples were always a problem due to surface contamination and non-
uniformity of the sputtered copper. Looking at the results of the quantitative analyses for
the sputtered films FEP, PFA and PTFE "as
received"
only (Table 10), the FEP showed
only 1.8 atomic percent of fluorine at the surface. The surface of the FEP is mainly
copper oxide. The small amount of fluorine that was detected reacted with copper to
form copper fluoride. PFA contained 34. 1 atomic percent and PTFE contained 42.5
atomic percent of fluorine and are more fluoropolymer like and there is much less copper
oxide. Once the top few monolayers of material are removed, more information is
obtained as to the manner in which copper has reacted near the surface with the
fluoropolymer. The formation of copper fluoride is a function of the energy of the
sputtered species and the stability of the bonds in the fluoropolymer.
The maximum
fluoride ion concentration is found at a depth of 5 1 nm.
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After removing about 5 nm of surface material, CuF2 was mostly exposed and there was
an improvement in adhesion of evaporated copper to the modified PFA, FEP and PTFE
(Table 12). The largest concentrations of fluoride ion were found at the intermediate
depth of analysis by XPS. Deep into the surface there was more intact fluoropolymer.
Energetic copper atoms appear to penetrate the surface, break fluoropolymer bonds and
react to form copper fluoride. The topmost surface is damaged, but not reacted because
the hottest copper atoms buried themselves slightly below the surface. Therefore, the top
and bottom layers do not show as much reaction as the intermediate layer. The depth of
the intermediate layer is about 5 nm below the surface. Tables 14 and 15 shows the
experimental adhesion results obtained from previous studies for the control experiments.
Tablel4: Cu Adhesion Results for 300 nm of Sputtered Copper Deposited on Untreated
Fluoropolymer.
%Adhesion Teflon Material Research work of
100 PFA Dasilva* [7]
100 FEP Dasilva* [6]




Table 15: Cu Adhesion Results for 300 nm of Evaporated Copper Deposited on
Untreated Fluoropolymers.







Table 14 shows that it is possible to obtain 100% adhesion by sputtering copper onto FEP
and PFA [6, 7]. Conversely, for PTFE it has been shown that 0% adhesion occurs using
the sputtering technique [4]. Table 15 shows that the evaporation technique results in zero
adhesion for all three fluoropolymers. The results of the current study show that the
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presence of copper fluorides greatly improves the adhesion of evaporated Cu to FEP,
PFA and PTFE.
5. CONCLUSIONS
Ar ion etching of cohesive failure surfaces of sputtered Cu on VUV photo-oxidized FEP
and PFA showed that the depth of FEP and PFA on the Cu was ca. 3-10 nm. The
chemistry at the interface following argon ion etching showed a strong interaction of the
sputtered Cu with the fluoropolymers forming fluoride ions. Thin films of Cu were
thermal evaporated and sputter deposited on untreated PTFE, FEP and PFA surfaces and
analyzed by XPS. In contrast to thermal evaporation which showed little reaction with the
fluoropolymer surface, the high energy Cu atoms from sputter deposition reacted to
produce copper fluorides that were studied as a function of sputtering parameters. The
presence of copper fluorides decreased with a decrease in discharge voltage, which would
decrease the energy of the Cu atoms, and an increase in pressure, that due to collisions
would also shift the energy distribution of Cu atoms to lower energies. The formation of
copper fluoride bonds correlated with good adhesion of sputtered Cu to untreated FEP
and PFA compared to polycrystalline PTFE which was the most resistant to the
production of fluoride ions.
The lack of significant fluoride formation, when evaporated Cu is deposited on the
fluoropolymers, correlates well with the observed poor practical adhesion of Cu to PTFE
[5, 14, 17], FEP [18, 17] and PFA [18-19]. Quantitative measurements of the adhesion
strengths have shown stronger adhesion of evaporated copper to FEP and PFA than PTFE
which was attributed to the larger group electronegativities of CF3 in FEP, C3F7O in PFA
compared to the F of CF2 in PTFE [17]. The low chemical reactivity of vapor deposited
77
copper towards PTFE has been explained on the basis of the strength of the C-F bond
compared to the heat of condensation [14]. No reaction of Cu with PTFE has been
observed at temperatures up to 703K [20] while Cr-coated Cu foil reacts with glass-
fiber-filled Teflon PFA laminates at 653K to produce metal fluoride formation [21].
In the sputter deposition experiments, the energy of the copper atoms is substantially
greater than the C-F bond dissociation energy (ca. 5 eV [15, 16]) and the F Is XPS
spectra revealed the formation of fluoride ions either as CuF and/or CuF2 moieties.
Because of the presence of copper oxides during the sputtering of Cu, there was too much
interference to detect adequately CuF2 in the Cu 2p XPS spectrum at 935 eV [22, 23].
Within the range of parameters studied, the presence of copper fluorides decreased with a
decrease in discharge voltage, which would decrease the energy of the Cu atoms, and an
increase in pressure, that due to collisions would also shift the energy distribution of Cu
atoms to lower energies. Polycrystalline PTFE was found to be the most resistant to the
formation of fluoride ions, again, consistent with the findings that poorer practical
adhesion of sputtered Cu was observed with PTFE [4, 5] compared to the more
amorphous FEP [6] and PFA [8]. Previously, copper fluorides were detected for
sputter-
deposited Cu on fluoropolymer TeflonAF1600 [9] but not
FLARE
1.0 where the
breakage of the C-F bond resulted in the loss of fluorine at the interface instead of the
formation of copper fluoride [10].
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6. FUTUREWORK
1 . Investigate evaporation and sputter deposition of other metals for fluoride ion
formation and improvement with adhesion to fluoropolymers.
2. Conduct experiments on a larger scale in the evaporation chamber by Ar ion etching of
sputter-deposited Cu on fluoropolymers to expose the fluoride ion and then checking for
improved adhesion to evaporated Cu.
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